Abstract While cognitive decline is observed in the normal aging monkey, neurons are not lost with age. Instead, frontal white matter is lost as myelin degenerates and both correlate with age-related cognitive decline. As age-related myelin damage increases, there should be an increase in clearance of damaged myelin by microglial phagocytosis. In this study, brains of behaviorally tested rhesus monkeys were assessed using unbiased stereology to quantify the density of activated microglia (LN3 antibody positive) and phagocytic microglia (galectin-3 (Gal-3) antibody positive) in three white matter regions: the corpus callosum, cingulum bundle (CGB), and frontal white matter (FWM). LN3 cell density was significantly increased in the CGB, whereas Gal-3 cell density was significantly increased in all regions. Increases in Gal-3 cell density in the FWM were associated with cognitive impairment. In the FWM of old animals, Gal-3-positive microglia were classified by morphological subtype as ramified, hypertrophic, or amoeboid. The densities of hypertrophic and amoeboid microglia significantly correlated with cognitive impairment. Finally, microglia were double-labeled with LN3 and Gal-3 showing that 91% of Gal-3 cells were also LN3 positive, thus expressing an Bactivated^phenotype. Furthermore, 15% of all double-labeled cells formed phagocytic cups. Overall, these results suggest that microglia become activated in white matter with age where the majority express a phagocytic phenotype. We hypothesize that age-related phagocytic activation of microglia is a response to accumulating myelin pathology. The association of Gal-3 in the FWM with cognitive impairment may reflect regional differences in damage or dysfunction of normal clearance mechanisms.
Introduction
A critical feature of non-neurodegenerative normal aging is a decline in cognitive function. Common cognitive domains impaired in normal aging include memory, learning, attention, information processing, and executive function (Park and Reuter-Lorenz 2009) . However, these deficits emerge at different ages and with different severity across individuals, leading to the classification of cognitively Bsuccessful^and Bunsuccessful^agers (Gallagher and Burwell 1989; Moss et al. 2007 ). Non-human primates (NHPs) offer a model of normal aging with several advantages over studies of humans and rodents. For example, compared to human studies, the normal aging rhesus monkey offers a greater degree of experimental control, more accurate assessments of past history including health and diet, and most important, the opportunity to obtain optimally preservered brain tissue (Peters 1996) . Moreover, unlike rodents which age rapidly, the rhesus monkey has a lifespan of over 30 years (Tigges et al. 1988) , has a brain architecture much closer to humans and displays age-related cognitive decline in domains and at rates comparable to humans. Most important, despite the presence of amyloid (Sloane et al. 1997 ), monkeys do not contract Alzheimer's disease, as there are no neurofibrillary tangles and neurons are not lost with age .
In searching for the neurobiological basis of agerelated cognitive impairments, quantitative MRI has shown that though gray matter cortical thickness is reduced (Alexander et al. 2006; Koo et al. 2010) , total gray matter volume is preserved (Wisco et al. 2008 ) and histological studies of gray matter have shown that neurons are not lost with age (e.g., Merrill et al. 2000; Peters et al. 1998) . In contrast, both MRI and histological studies in monkeys and humans have shown that white matter volume is lost with age (Albert 1993; Guttmann et al. 1998; Peters and Rosene 2003; Tang et al. 1997; Wisco et al. 2008) . Quantitative light microscopy has shown a decrease in the total length of myelinated fibers in human brain on the order of 27 to 45% with age (Marner et al. 2003; Tang et al. 1997) . Ultrastructural studies in the rhesus monkey have demonstrated age-related damage to myelin and loss of myelinated fibers in frontal white matter regions in the monkey (Bowley et al. 2010) . Additionally, age-related morphological deficits in myelin can be observed at the ultrastructural level in a variety of other brain regions including the visual cortex (Peters et al. 2000) , the optic nerve (Sandell and Peters 2002) , fornix , and the anterior commissure (Sandell and Peters 2003) . Finally, cognitive decline is significantly associated with the loss of white matter volume in humans (Albert 1993) and myelin defects and degeneration in the rhesus monkey (Bowley et al. 2010) .
While the cause of age-related myelin deterioration has yet to be identified, it is of interest that the accumulation of myelin debris can inhibit remyelination by reducing the differentiation of olig o d e n d r o c y t e p r e c u r s o r c e l l s i n t o m a t u r e myelinating oligodendrocytes (Kotter et al. 2006) . Removal of myelin debris depends upon the inflammatory and phagocytic actions of microglia, the resident macrophage of the brain (see Martinez and Gordon 2014 or Tang and Le 2015 for review). Thus, impairment in microglial function could cause or exacerbate myelin damage. Studies of the effects of age on microglia have reported that microglial activation increases with age (Henry et al. 2009 ). It has also been noted that activation occurs primarily in white matter rather than gray matter (Hart et al. 2012) and, in the monkey, is associated with cognitive impairment (Sloane et al. 1999 ; for review, see Kohama et al. 2011; Peters and Kemper 2012) .
Although general changes in microglia activation have been widely studied, the phagocytic capacity of these cells in aging and cognitive decline is not as well understood. Studies on peripheral immunity have shown a loss of phagocytic capacity and function in macrophages with age (Plowden et al. 2004) , although this result is not consistent across all studies (Gardner et al. 1981) and may differ between inflammatory cell types (Linehan et al. 2014) . Cultured macrophages from aged humans have a diminished phagocytic capacity for myelin debris (Natrajan et al. 2015) , and in vivo studies have shown that the rate of remyelination is reduced in aged rodents but can be restored with an infusion of monocytes from young animals (Ruckh et al. 2012) . Finally, phagocytic activation of microglia and size of microglial lysosomes increases with age in addition to an increase in microglia adjacent to and contacting myelin (Safaiyan et al. 2016) . While these data suggest that phagocytic capacity of old macrophages is impaired, the reason for this functional decline is unknown. Additionally, no study has investigated whether phagocytic activation in the aging brain is related to cognitive decline.
The current study using brain samples from behaviorally characterized rhesus monkeys was designed to assess the relationship between microglial activation and phagocytic phenotype and their associations with age-related cognitive decline. To do so, we use galectin-3 (Gal-3) antibody as a marker for phagocytic activation. Gal-3 (also known as Mac-2) is a conserved lectin involved in cell adhesion and phagocytosis in macrophages (Dumic et al. 2006) . Gal-3 is expressed ubiquitously throughout the cell, cell surface, and extracellular space and contains a C-terminal carbohydrate recognition binding domain important for cell adhesion and phagocytosis (Pugliese et al. 2015) . Gal-3 is selectively upregulated in phagocytic macrophages (Elliott et al. 1991) and transgenic mice deficient in Gal-3 have reduced phagocytic ability (Sano et al. 2003) . Gal-3 also is necessary for the the microglial response to myelin degeneration (Hoyos et al. 2014) . Additionally, we used the LN3 antibody which recognizes the HLA-DR major histocompatability complex class II receptor to mark activated macrophages that could be either pro-or anti-inflammatory (Conde and Streit 2006) . We also used double-label immunofluorescence to determine if the phagocytic priming of activated microglia changes with age or is associated with cognitive decline. The overall goal was to test the hypothesis that dysfunctional age-related phagocytic activation in the brain of behaviorally tested rhesus monkeys is related to microglial activation and cognitive impairment.
Materials and methods

Subjects
Brain tissue from 44 rhesus monkeys was used in this study. This tissue had been collected and stored as part of an NIA-funded Program Project (BNeural Substrates of Cognitive Decline in Aging Monkeys,^P01-AG000001) and a Research Project (BHistopathology, Neuroimaging and Mechanisms of Myelin Damage in Aging Monkey Brain,^R01-AG043640). Of the monkeys used in this study, 38 were originally obtained from the Yerkes National Primate Research Center at Emory University in Atlanta, while 6 animals came from other research centers (see Table 1 ). Prior to selection, health records were screened with strict health criteria to exclude any possible confounding clinical diseases or experimental manipulations that could impact normal aging by affecting the brain or behavior.
Based on tissue availability, monkeys were divided between experiments for activated microglia using LN3 (N = 19) and phagocytic microglia using . Six monkeys overlapped between studies (see Table 1 ). Prior studies of rhesus monkey survival and of cognitive decline suggest that, relative to humans, the rhesus monkey ages at an approximate ratio of 1 year for every three human years (Tigges et al. 1988 ). As such, animals for each experiment were divided into groups of young adult (ages 5.0-9.9 at euthanasia), middle-aged (ages 10.0-19.9 at euthanasia), and old (ages 20+ at euthanasia). While the young and old groups have a relative balance of males and females, there were insufficient males to balance the middle-aged subject group in each experiment. Table 1 details subjects by age at euthanasia and experiment. Although stratifying animals by age range allows for easy classification of each animal, in statistical analyses, age was also used as a continuous variable in regression analyses to identify changes that occur across the lifespan.
Behavioral testing
Upon entering the study, all monkeys received a battery of behavioral tests that took place over a 3-to 6-month period and was completed approximately 1 to 2 months before euthanasia. These tests assess a variety of cognitive domains. Acquisition of the delayed non-match to sample (DNMS) task is a measure of rule learning. Assessment of extended delays on DNMS (120 and 600 s) test recognition memory. The Delayed Recognition Span Task assesses working memory capacity in both spatial and object modalities. Finally the Category Set Shifting Task (CSST) assesses executive function including set shifting. Details of these tasks can be found elsewhere (Herndon et al. 1997; Moore et al. 2005) .
Initial inspection of how these tests compared to our measures of microglial reactivity indicated associations with measures of DNMS and DRST but not with CSST measure. Interestingly, a principal component analysis (Herndon et al. 1997) had demonstrated that a subset of DNMS and DRST measures were the best predictors of cognitive aging. These have been compiled into a zscore which designated the cognitive impairment index (CII) and has proven useful in comparing cognitive status with a variety of neurobiological endpoints (e.g., Peters et al. 1998) . To avoid multiple comparison problems, the CII was used in all comparisons in this study. Table 1 presents detailed information on the CII for all subjects in the present study. 
Immunohistochemistry
To eliminate confounds in processing, sections for all subjects to be stained with an antibody were removed from −80°C storage at the same time, rapidly thawed to room temperature and Bbatch processed^together in the same reagents for the same time to facilitate quantitative Fig. 1 For both cohorts of the subjects in the Gal-3 analysis (a) and those in the LN3 analysis (b), cognitive impairment index (CII) scores increase significantly with age. There is a very impaired outlier (AM121) in b that drives the LN3 effect, but, even with this subject removed, the increase in CII with age is still significant (R 2 = 0.253, p ≤ 0.05) GeroScience (2017) 39:199-220 203 Age and cognitive impairment across experiments
Subjects from each experimental cohort were compared to ensure similarities between groups. As age is normally a predictor for cognitive impairment, the entire cohort (N = 44) was first analyzed using regression analysis and results showed that increases in age significantly p r e d i c t e d i n c r e a s e s i n C I I i n t h i s c o h o r t (F(1,41) = 16.19, p ≤ 0.0005, R 2 = 0.266). As shown in Fig. 1 , linear regression demonstrated a significant direct relationship between age and CII in each of the subsets of subjects used for Gal-3 studies (F(1,27) = 13.10, p ≤ 0.001, R 2 = 0.320, Fig. 1a ) and LN3 studies (F(1,16) = 5.98, p ≤ 0.05, R 2 = 0.227, Fig. 1b ). As one subject (AM121) with a very large CII appeared to drive the correlation between CII and age in the LN3 cohort, the CII of the LN3 subjects were tested for outliers using a multiple of 1.5 times the interquartile range to determine a cutoff of CII score 6.32. Thus, AM121 (CII score of 12.37) was removed, and the regression still demonstrated that age predicted CII (F(1,15) = 6.41, p ≤ 0.05, R 2 = 0.253). As the inclusion of AM121 did not impact the significance of the correlation between age and CII score, this animal was included in all analyses unless otherwise stated.
Brain perfusion and tissue section preparation and storage Approximately 1 to 2 months after the conclusion of behavioral testing, monkeys were deeply anesthetized with sodium pentobarbital and perfused transcardially through the aorta with Krebs Henseleit buffer, pH 7.4 at 4°C for 5 min while fresh tissue samples were harvested. This was followed immediately by perfusion with 4% buffered paraformaldehyde (pH 7.4, 37°C) for 10 min. Immediately following perfusion, the brain was blocked, in situ, in the coronal stereotactic plane, removed from the skull and placed in the same paraformaldehyde fixative overnight at 4°C. It was then cryoprotected by successive incubations in 0.1 M phosphate buffer containing first 10% glycerol with 2% DMSO and then buffer with 20% glycerol and 2% DMSO until the brain equilibrated (Rosene et al. 1986 ). It then was flash frozen in isopentane at −75°C after which it was stored at −80°C until it was cut on a freezing microtome into ten interrupted series of 30-μm-thick sections. Sections were collected in buffer with 15% glycerol as a cryoprotectant, equilibrated overnight at 4°C, and then frozen and stored at −80°C until removed and thawed for immunohistochemistry. analyses across subjects. For LN3 staining, six to ten sections per animal were stained at section intervals of approximately 1200 μm. For Gal-3 staining, four to seven sections per animal were stained at section intervals of approximately 2400 μm. Once thawed, sections were washed three times in 0.05 M Tris-buffered saline (TBS, pH 7.6) to remove the glycerol. Immunohistochemistry protocols were optimized as described by Hoffman et al. (2016) . To break cross-links formed during fixation, antigen retrieval was performed by incubating the sections in 10 mM citrate buffer (pH 6.0) in a microwave tissue processor (PELCO Biowave, Ted Pella, Inc., Redding, CA) for 5 min at 550 W and 40°C, followed by incubation in the same buffer at room temperature for 1 h on a rocking platform. Sections were again washed in TBS (3 × 5 min), then incubated with 3% buffered hydrogen peroxide for 30 min to quench endogenous peroxidases. Next, tissue was washed with TBS (3 × 5 min) and blocked with SuperBlock (Life Technologies, Grand Island, NY) or 10% normal goat serum in TBS (LN3 tissue only) for 1 h. Primary antibodies were diluted 1:700 (mouse IgG1 anti-Gal-3, Abcam, Cambridge, MA) or 1:10 (mouse IgG2b anti-LN3, MP Biomedicals, Santa Ana, CA) in TBS containing 0.5% SuperBlock (or 2% normal goat serum for LN3 tissue) and 0.3% Triton-X. As a control, a few sections from various animals were placed in carrier solution (TBS containing 0.5% SuperBlock/2% normal goat serum and 0.3% Triton-X) but omitting primary antibody. For tissue in Gal-3 primary antibody, sections were microwaved in primary antibody or carrier solution for 5 min at 250 W and 30°C. In both experiments, incubation in primary then proceeded on a rocking platform at 4°C for 40 h. After the primary antibody incubation, tissue was washed with TBS (3 × 5 min) and incubated for 1 h in secondary antibody containing goat anti-mouse (Vector Laboratories, Burlingame, CA) diluted 1:600 in buffer containing 0.5% SuperBlock/2% normal goat serum and 0.3% Triton-X. Tissue labeled with Gal-3 was also microwaved for 5 min at 250 W and 30°C in secondary antibody. Following the secondary antibody incubation, tissue was washed with TBS (3 × 5 min) and incubated with avidin-biotin complex using Vectastain ABC kit (Vector Laboratories, Burlingame CA) for 1 h. Tissue was washed with TBS (3 × 5 min), then exposed to a chromogen solution containing 0.5 mM 3-3-diaminobenzidine (Sigma-Aldrich, St. Louis, MO) and 0.03% hydrogen peroxide in TBS for 10 min. Tissue was then washed with TBS (3 × 3 min), mounted on gelatin coated slides, and dried overnight. For Gal-3 stained tissue, slides were lightly counterstained in 0.5% thionin (pH 4.8) for 30 s. All slides were then dehydrated through graded alcohols (0, 50, 75, 95, 100, and 100%, 3 min each), and cleared in xylenes (2 × 5 min). Slides were coverslipped with Permount (Fisher Scientific, Waltham, MA).
Regions of interest
Regions of interest were identified using a ×2 objective, and boundaries were outlined according to the criteria illustrated in Fig. 2 .
Cingulum bundle (Fig. 2a-d ) The cingulum bundle (CGB) was defined as a semi-triangular white matter region within the cingulate gyrus. For the Gal-3 experiments and the rostral sections in the LN3 experiments, the CGB was bounded ventrally by the CC. The caudal portions of the CGB used in the LN3 experiments are bounded by the cingulate gyrus gray matter and an arbitrary line connecting area 29a-c to the junction of area 31 and the parietal area PE cingulate.
Corpus callosum (genu, Fig. 2a , b) For the genu of corpus callosum (CC), LN3 cell counting was bounded slightly more medially than that of Gal-3 counting; thus, the entirety of the CC defined in the LN3 experiment was contained in the CC defined in the Gal-3 experiment. For the LN3 experiment, the anterior edge of the CC was identified in the first serial section containing callosal fibers from the midline. For Gal-3 experiments, the most rostral section was identified as the first section containing both CC and internal capsule. The posterior end of the genu for both experiments was identified when the septum pellucidum first appears as it separates the anterior body from the rostrum. The dorsomedial boundary of the genu is the indusium griseum or the lateral ventricle (once the caudate is present), and the dorsolateral boundary is the anterior cingulate gyrus. For LN3 sampling, the lateral boundary of the genu is defined as a straight line connecting the medial edge of the gray/white boundary of the anterior cingulate to the lateral edge of the indusium griseum or the lateral edge of the lateral ventricle (once the caudate is present). For Gal-3 experiments, the lateral boundary of the CC extended from the lateral edge of the lateral ventricle to the ventrolateral edge of the cingulum bundle as to not overlap with the CGB or the FWM.
Frontal white matter (Fig. 2a, b ) For both experiments, the frontal white matter (FWM) was defined as the white matter region excluding corpus callosum and cingulum bundle starting from the lateral most junction of the CC and caudate nucleus, ventral lateral across the putamen, then ventral to the intersection of the putamen and the claustrum and dorsal to the white matter beneath the inferior arcuate sulcus. The FWM then follows the border of the gray matter around to where it began.
Unbiased stereology
Standard unbiased stereology was performed on blind coded sections using a Nikon E600 light microscope equipped with a Q-Imaging digital camera, a motorized stage and Stereo Investigator software (MBF Bioscience, Williston, VT). Gal-3-and LN3-positive cells were identified using the soma as the counting target and numbers estimated using the optical fractionator method as described by West et al. (1991) . For each ROI and marker, pilot studies were performed to determine appropriately sized sampling grids and counting frames. For Gal-3-stained tissue, four to seven sections were used for each animal. Sections were blind coded and counted using a ×20 objective lens within a counting frame of 99.0 × 66.6 × 10 μm 3 with the dissector top guard volume extending 5 μm below the tissue section surface. For LN3-stained tissue, six to ten sections were blind coded and counted using a ×60 oilimmersion objective lens within a counting frame of 60 × 60 × 5 μm 3 with the dissector top guard volume extending 1 μm below the tissue section surface.
The sampling grid was randomly placed over the outlined ROI prior to counting. Cells were considered Fig. 2 Nissl-stained sections from the NIH Blueprint NHP Atlas, (http://www. blueprintnhpatlas. org/static/home) show the approximate rostral and caudal boundaries for each region of interest analyzed: the cingulum bundle (CGB, red), frontal white matter (FWM, yellow), and genu of the corpus callosum (CC, black). For the Gal-3 experiment, the CGB was sampled between AP +30.00 (a) and AP +25.50 (b), whereas for the LN3 experiment, the CGB was sampled between AP +17.45 (c) and AP +0.30 (d). For both Gal-3 and LN3 experiments, the FWM was analyzed from AP +30.00 (a) to AP +25.50 (b). For the LN3 analysis, cells in the CC were counted within the black solid boundary. For the Gal-3 experiment, the CC region of interest included the solid black line plus the region within the black dotted line. Interaural measurements estimated from Paxinos, Huang, & Toga (2000) Fig . 3 Morphological characterization of Gal-3-positive cells. Ramified microglia (a) contain dense cell bodies and thin processes distributed around the cell. Amoeboid microglia (b) are characterized by large, round stained cells with only a few, short processes or no processes. As shown in c and d, hypertrophic Gal-3-positive cells are found in a variety of shapes and sizes but range from cells with an elongated cell body and short, dense processes (Hypertrophic 1; c) to cells with a densely stained and curved cell body with short, dense processes or intense cell body staining with thin processes extending outwards (Hypertrophic 2; d). Scale bar = 20 μm to be Gal-3 or LN3 positive if they contained dark brown staining of a small cell body and at least one process or an enlarged circular cell body alone. The cell body was used as the counting object for cells that fell within the dissector or across its inclusion planes. The Cavalieri estimator was used to estimate volumes, and the coefficient of errors (CE) was calculated as described by Gundersen et al. (1999) . With the counting frame and sampling grid used in the current study, a minimum of 100 cells for each region and animal and were counted and the CE was 0.1 or less to ensure minimal variance due to sampling. Due to the low number of Gal-3-positive cells in young and middle-aged animals, CE values below 0.1 were unattainable, making stereological estimations of total cell counts difficult. Therefore, cell density reported in cubic millimeters was used to compare relative counts between subjects.
Morphology
In old animals (ages 20+), subtypes of Gal-3-positive cells were identified and counted according to the morphological criteria as ramified, hypertrophic, or amoeboid (see Fig. 3 ) as defined by Karperien et al. (2013) . As shown in Fig. 3 , cells were counted as ramified if they had one or more thin process extending from a small, dense cell body. Amoeboid cells were identified if they had enlarged, semi-circular cell bodies with limited to no processes extending from the soma. Hypertrophic cells were identified if they had any of the following: (1) a semi-circular or rod-like cell body with no processes; (2) an enlarged, non-circular cell body with at least one process; or (3) an enlarged, non-circular cell body with dark, dense, and thicker processes.
Immunofluorescence colocalization and quantification
For double-label immunofluorescence of activated microglia (LN3+) and the phagocytic phenotype (Gal-3+), two sections containing FWM from each of 19 animals were stained using mouse IgG2b anti-LN3 and mouse IgG1 anti-Gal-3. Sections were thawed together and first washed with buffer to remove the glycerol and then incubated in SuperBlock for 1 h, and placed in 0.5% SuperBlock, 0.3% Triton-X solution containing LN3 (1:62.5), and Gal-3 (1:150) overnight at room temperature. As negative controls, sections were either incubated in carrier solution, carrier solution containing Gal-3, or carrier solution containing LN3. Following primary antibody incubation, tissue was washed with TBS then incubated in secondary antibody solution containing 0.5% SuperBlock, 0.3% Triton X, AlexaFluor 488 goat anti-mouse IgG2b (1:1000, Invitrogen, Carlsbad, CA), and AlexaFluor 568 goat anti-mouse IgG1a (1:1000, Invitrogen, Carlsbad, CA). Sections were then washed and mounted. Once semi-dry, the slides were rehydrated in buffer for 5 min, then dehydrated in 70% ethanol for 5 min and incubated with Autofluorescence Eliminator Reagent (Millipore, Darmstadt, Germany) for 45 s. The slides were cleared with 70% ethanol (3 × 1 min) and coverslipped using anti-fading mounting medium (PVA-DABCO, Sigma-Aldrich, St. Louis, MO).
Colocalization of Gal-3 and LN3 was determined in the FWM of young and old animals using a Leica TCS SPE laser scanning confocal microscope (Buffalo Grove, IL). AlexaFluor-488 emission was detected using argon laser excitation at 488 nm whereas Alexafluor-568 emission was detected using 561-nm laser excitation. To ensure equal counting between animals, exhaustive searches were first performed for the less dense Gal-3-
Results
Galectin-3 phagocytic cell density increases with age Examples of Gal-3 staining are shown in Fig. 4a, b , and the volume of each ROI and the estimated Gal-3-positive cell density is shown in Table 2 for each animal. To determine if the density Gal-3-positive staining (cells/mm 3 ) differed by sex or ROI, animals were stratified into age groups (young, middle-aged, old) and ANOVA was used to assess the effects of age group, sex, and ROI. There were no significant differences in density of Gal-3-positive cells between regions (F(2,64) = 0.085, p = 0.919) or between sexes (F(1,64) = 0.026, p = 0.873), but Gal-3 cell density did approach significance by age (F(2,64) = 2.763, p = 0.071, see Fig. 5a ) and there were no significant interaction effects between factors. A Tukey-A post hoc analysis was performed comparing Gal-3 cell densities across sex, ROIs, and groups. This post hoc analysis demonstrated that the density of Gal-3+ cells was significantly higher in old animals compared to both young (p ≤ 0.00001) and middle-aged animals (p ≤ 0.00001). Middle-aged animals did not significantly differ from young animals (p = 0.243). These differences were consistent for all ROIs. Fig. 4 These photomicrographs compare typical staining in the frontal white matter for Gal-3-and LN3-positive cells. a Scarcity of Gal-3 staining in a young subject (AM222) compared to the robust staining in b for an aged subject (AM121). Similarly, c shows sparse LN3-positive staining in a young subject (AM198) compared to dense staining in d for an aged subject (AM119). A thionin counterstain was used for Gal-3-stained sections, as indicated by blue staining seen in a and b. Scale bar = 0.1 mm GeroScience (2017) 39:199-220 207 labeled cells in young animals. Prescanning determined that 25 z-stack images could be taken per animal with at least 1 Gal-3-positive cell per image identified with a ×40 objective lens. The width of the image was determined by the point where no Gal-3-positive staining was visualized. The number of z-slices was determined using the automated system optimized settings. LN3 was visualized in green and Gal-3 in magenta. Cells in each image were counted as single-labeled Gal-3 (magenta only in a cell body with at least one process) or doublelabeled Gal-3 with LN3 (white image of double-labeled cell body with at least one process). Double-labeled cells were further subdivided into two categories: (1) overlapping double label (white staining verified as double labeling by investigation of individual color channels) and balloon double label (magenta Bballooned^white or magenta process extending from a cell body encircled by green label). Z-stack images contained in .LIF files were counted using FIJI (version 1.49m, National Institutes of Health). Individual channels for green and magenta were opened, and contrast was automatically enhanced. The channels were then merged and the z-stack compressed using the z-projection function to flatten all images in the stack to one image. The percentage of each type of Gal-3 labeling was determined by manual counting with the investigator blind to subject conditions.
Statistics
All analyses were performed using the R-project (×64, version 3.10) and RStudio (version 0.98.1102) for statistical computing and an alpha significance level of 0.05. Three-factor ANOVA with two between-subject factors (age groups (3) × sex (2)) and one repeated measure (region (3)) was performed with subjects stratified by young, middle-age, and old. When statistically significant differences were found by ANOVA, a Tukey-A (HSD) post hoc test was used to identify the critical factor while controlling for multiple comparisons. Linear regression analyses (alpha = 0.05) were conducted to assess the relationship of LN3 cell density, Gal-3 cell density, and Gal-3 morphological subtype density to age or cognitive function (in old animals only). A chi-squared test of independence was used to test differences in Gal-3 double labeling with LN3 between young and old animals.
To test the hypothesis that Gal-3 cell density increased with age, linear regression was used with age as a continuous variable. There was a significant agerelated increase in the density of Gal-3-positive cells in the CGB (Fig. 5b, (F(1,26) = 29.9, p ≤ 0.0001) with age accounting for approximately 51.7% of the variance in Gal-3 cell density (R 2 = 0.517). Similarly in the FWM (Fig. 5c ), the density of Gal-3-positive cells significantly increased with age (F(1,27) = 31.6, p ≤ 0.0005) which accounted for 52.2% of the variance in Gal-3 cell density (R 2 = 0.522). Similarly, in the CC (Fig. 5d) , Gal-3 cell density significantly increased with age (F(1,26) = 17.3, p ≤ 0.0005) where it accounted for 37.6% of the variance. LN3-activated microglial density increases regionally with age LN3-positive staining can be seen in Fig. 4c, d . To determine if there were statistical differences between LN3 cell density (cells/mm 3 ), a three-way ANOVA was run with subjects stratified by age, sex, and ROI (Table 3 ). There was no significant effect of sex (F(1,35) = 0.53, p = 0.473), but there were significant effects for region (F(2,35) = 7.72, p ≤ 0.005) and age group (F(2,35) = 3.97, p ≤ 0.05). There were no significant interaction effects. To further investigate the significant differences in age groups, one-way ANOVA analyses were performed between cell density and age group for each of the three regions. There were no significant differences in LN3 cell density between age groups in the CC (F(2,15) = 1.42, p = 0.272) or in the FWM (F(2,15) = 2.56, p = 0.111). However, LN3 cell density did differ significantly by group in the CGB (F(2,15) = 7.70, p ≤ 0.005). Tukey post hoc analysis revealed that old animals had significantly greater LN3-positive cell density compared to both middle-aged (p ≤ 0.05) and young animals (p ≤ 0.01, see Fig. 6a ).d
Linear regression analysis was used to determine if density of LN3-positive cells in each region was associated with age. As shown in Fig. 6b , the density of LN3-positive cells in the CGB significantly increased with age (F(1,16) = 22.1, p ≤ 0.0005), where age accounted for 54.0% of the variance in LN3 cell density (R 2 = 0.540). In the FWM (Fig. 6c) , the relationship between age and LN3 cell density approached significance (F(1,16) = 4.12, p = 0.059) and age explained 15.5% of the variance in LN3-positive cell density (R 2 = 0.155). In the CC (Fig. 6d) , the relationship between LN3 cell density and age again approached significance (F(1,17) = 3.70, p = 0.072) but age accounted for only 13.0% of the variance in LN3-positive cell density (R 2 = 0.13).
Gal-3 cells are a subset of LN3-positive microglia
To determine if Gal-3-positive phagocytic cells also expressed the Bactivated^LN3 phenotype, the percentage of Gal-3 cells double-labeled with LN3 was determined in young and old animals using immunofluorescence and confocal microscopy. As shown in Fig. 7a c, two different classes of cells were identified: (1) single-labeled, a cell that was Gal-3-positive and LN3-negative, and (2) double-labeled, a cell that contained both Gal-3 staining and LN3 staining.
Additionally, as shown in Fig. 7e , some of the double-labeled cells had a distinct morphology with the Gal-3 signal contained within an LN3-positive Bballoon^within the LN3-positive cell, but without necessarily overlap of both labels. For all subjects, 91.3% of Gal-3-positive cells were double-labeled with LN3 and only 8.7% were not. Additionally, of the Gal-3-positive cells, 75.5% of Gal-3 staining showed almost complete overlap with LN3 whereas 15.8% of cells the Gal-3-positive signal was surrounded by an LN3 balloon (Fig. 7d) . To determine if the proportion of Gal-3 double-labeled with LN3 differed between ages, a chi-squared test was performed and revealed no significant differences b e t w e e n y o u n g a n d o l d a n i m a l s ( χ 2 ( 1 , N = 20) = 0.767, p = 0.678). (4) 120 (20) 397 (66) Density of hypertrophic and amoeboid Gal-3 cells predicts cognitive decline
To determine if microglial activation or phagocytic phenotype were associated with age-related cognitive impairment, linear regression was used to compare density to CII score of old animals (ages 20+ years) with each marker. CII was not associated with LN3 cell den sity in the C GB (F(1,4) = 0.007, p = 0.937, R 2 = 0.248) or the FWM (F(1,5) = 1.24, p = 0.317, R 2 = 0.038, Fig. 8a ) but was significantly predicted by LN3 cell density in the CC (F(1,4) = 8.37, p ≤ 0.05, R 2 = 0.551). However, this effect was largely driven by one animal (AM121). Using a multiple of 1.5 times the interquartile range, AM121 was identified as an outlier for CII score. When AM121 was removed, the CII score was no longer predicted by LN3 cell density in the CC (F(1,4) = 0.07, p = 0.799, R 2 = 0.227). For Gal-3, there was no relationship between cell density and CII in the CGB (F(1,11) = 0.27, p = 0.614, R 2 = 0.065) or the CC (F(1,11) = 0.010, p = 0.923, R 2 = 0.09). However, increased Gal-3 cell density in the FWM significantly predicted increased CII (F(1,12) = 10.8, p ≤ 0.01) accounting for 42.9% of the variance in CII score (R 2 = 0.429). To determine if the significant relationship of Gal-3 cell density in the FWM to CII score was due to phagocytic morphologies, linear regression was used to assess the relationship between the densities of ramified, hypertrophic, and amoeboid Gal-3-positive cells and CII of animals 20 years or older. While the density of ramified Gal-3 cells was Fig. 8c ) and also by the density of hypertrophic Gal-3 cells (F(1,11) = 0.05, p ≤ 0.05, R 2 = 0.357, Fig. 8d ).
Discussion
Summary
The current study utilized immunohistochemical labeling with Gal-3 and LN3 antibodies to identify phagocytic and activated microglial in the brains of cognitively assessed rhesus monkeys. In the cingulum bundle, corpus callosum, and frontal white matter, Gal-3 and LN3 cell densities increased significantly with increasing age. Of the Gal-3+ phagocytic microglia, 90% colocalized with LN3 marker for activated microglia. In about 15% of the Gal-3-positive cells, the markers were not fully overlapped but, instead, showed a small Gal-3-positive outgrowth characterized as Gal-3+ phagocytic Bballoons.^While total numbers of double labeling and Gal-3 balloons increased with age, the percentage of double-labeled Gal-3 and ballooned Gal-3 did not differ between age groups. To determine if either phagocytic activation or total microglial activation were related to the degree of age-related cognitive decline, the densities of Gal-3+ and LN3+ microglia were evaluated in behaviorally tested old monkeys (≥20 years of age). In these aged subjects, increased Gal-3+ cell density correlated with increased cognitive decline in the frontal white matter but not in the cingulum or the genu of the corpus callosum. In contrast, LN3+ cell density only correlated with cognitive performance in the corpus callosum although this was mainly driven by one animal that was very impaired. Since As shown in e, a subset of the Gal-3 and LN3 + double-labeled cells contained small, round, offshoots of LN3 that surrounded, but did not always colocalize with Gal-3 staining. These offshoots are referred to as Bballoonsâ nd one is indicated by the red arrow. Scale bars = 50 μm microglial morphology may be indicative of function (Karperien et al. 2013) , we analyzed morphological subtypes of Gal-3+ cells in the frontal white matter of the aged animals to determine if the previously identified correlation or Gal-3+ cell density and cognitive impairment was due to microglia with an activated morphology. While the density of Gal-3+ cells with a ramified morphology was not related to cognitive impairment, the density of both hypertrophic and amoeboid subtypes was significantly associated with increased cognitive impairment.
Functional classification of microglia by immunohistochemistry and morphology
Microglia have been dichotomized as M1/proinflammatory which corresponds with the classical notion of activation or as M2/anti-inflammatory which is an alternative activation state. In vitro, M1 activation is defined by responsivity to IFN-γ or LPS challenge causing release of pro-inflammatory cytokines such as TNF-α or IL-6, and production of reactive oxygen species. The alternative M2 activation is defined by responsivity to IL-4 leading to the release of antiinflammatory cytokines such as TGF-β and IL-10 (for review on microglia activation, see Cherry et al. 2014 ). However, identifying, defining, and interpreting activation states in vivo has been inconsistent (Gordon and Martinez 2010; Prinz and Priller 2014) . For example, the current study utilizes LN3, an antibody to the HLA-DR MHC II surface receptor as a marker for microglial activation. Some report that MHC II expression increases with microglial Bactivation^following pathogen-associated molecular patterns (Town et al. 2005) . However, MHC II expression is regulated by toll-like receptor stimulation and the M1 activation Fig. 8 Scatterplots showing the relationship of cognitive impairment (CII) to Gal-3-positive cell density in total and by morphological subtypes in the FWM of old animals (ages 20+). Regression analysis showed that CII is significantly related to a total Gal-3 cell density, but not b to the density of ramified Gal-3 cells.
However, the density of c amoeboid Gal-3 cells and d hypertrophic Gal-3 cells both significantly predicted by CII score. This suggests that only the inflammatory-associated amoeboid and hypertrophic morphologies of Gal-3 cells are associated with increased cognitive impairment pathway via IFN-γ (Ting and Trowsdale 2002) but nevertheless is associated with both pro-and antiinflammatory phenotypes (Conde and Streit 2006) . Hence, MHC II expression can also be regarded as a marker for identifying the general population of microglial (Conde and Streit 2006; Mittelbronn et al. 2001) . While the Gal-3 literature is more consistent in that it is necessary for phagocytosis (Sano et al. 2003; Dumic et al. 2006 ), Gal-3 has not been widely utilized in the brain and only recently recognized as a marker for phagocytic activation (Safaiyan et al. 2016) .
Thus, immunohistochemical staining with LN3 or Gal-3 may not necessarily indicate the presence of a specific functional state (activation or phagocytosis). Rather Gal-3+ staining may simply indicate that the microglial cell is Bprimed^for phagocytic activation while the presence of LN3+ staining may indicate the cell is Bprimed^for inflammatory activation (Norden and Godbout 2013; Perry and Holmes 2014) . Double labeling with LN3 and Gal-3 would indicate that both processes are available when necessary. Consistent with this interpretation of microglia priming, Sierra et al. (2007) showed that while aged mice have higher baseline mRNA expression of both M1 cytokines (TNF-α, IL-6, IL-1β) and M2 cytokines (IL-10, TGF-β), when challenged with LPS, older mice have both more robust pro-and anti-inflammatory cytokine responses compared to young mice. This indicates that microglia that appear as Bactivated^by IHC may be primed and ready to respond when challenged. Therefore, the current data demonstrate that both phagocytic priming (Gal-3+ cells) and general microglial activation increase with age in frontal white matter regions. Further, as over 90% of Gal-3 cells are colabeled with LN3, it is clear that the majority of phagocytic primed cells are activated microglia.
Further insight into functional state may be gained by examining the morphological subtypes of labeled microglia. As reviewed by Karperien et al. (2013) , ramified microglia with small, round cell bodies and thin processes are thought to be non-inflammatory, surveilling the neuronal environment for damage (Nimmerjahn et al. 2005) . In contrast, hypertrophic microglia are often polarized, with enlarged soma and denser processes representative of Bactivated^or inflammatory microglia (Lee et al. 2008) . Amoeboid microglia with rounded somata and limited processes are indicative of phagocytic microglia (Bohatschek et al. 2001) . Although these data suggest that morphology is indicative of function, no study to date has demonstrated exactly what cytokines are being released or what exact functions are occurring in each morphological state. Hence, the traditional M1/M2 dichotomy and division into Bactivated^and Brestingĉ ells is being re-examined (Ransohoff 2016 ). In the current study, phagocytic microglia stained for Gal-3 are separated by these morphological subtypes. As expected, the Gal-3-positive cells were primarily hypertrophic or amoeboid. Moreover, only the density of hypertrophic and amoeboid Gal-3+ cells correlated with cognitive impairment. The observation that ramified Gal-3+ cells do not change with age or predict cognitive decline suggests that there is a baseline number of Gal-3+ cells that are primed for phagocytosis but have not developed an inflammatory phenotype. The changes in total Gal-3+ staining likely indicates an increase in the number of cells taking on morphologies indicative of an inflammatory phenotype. This demonstrates that Gal-3 immunoreactivity is a useful marker for inflammation and phagocytosis in the brain.
Microglial activation and phagocytosis throughout the lifespan
One hallmark of brain aging is chronic M1/proinflammatory activation of microglia (Cribbs et al. 2012; Holtman et al. 2015, see Norden and Godbout 2013 for review) . Increased overall microglial activation with age has been reported using different IHC markers in rodents (Rozovsky et al. 1998; Sierra et al. 2007) , monkeys (Sheffield and Berman 1998; Sloane et al. 1999), and humans (DiPatre and Gelman 1997; Rogers et al. 1988; Streit and Sparks 1997) . The current study confirms and expands upon this general finding by demonstrating that the density of LN3 (total activation) and Gal-3 (phagocytic activation) positive microglial increases with age in white matter pathways of the frontal lobe (the cingulum bundle, corpus callosum, and frontal white matter). Bowley et al. (2010) and many others (Feldman and Peters 1998; Peters and Sethares 2002; Sandell and Peters 2003) have reported an age-related accumulation of myelin defects and axon loss in forebrain white matter pathways of the rhesus monkey (e.g., the corpus callosum and cingulum bundle, anterior commissure). Additionally, others have shown age-related loss of white matter volume in MRI (Guttmann et al. 1998; Wisco et al. 2008) , increases in white matter hyperintensities in MRI (Tullberg et al. 2004; Wakefield et al. 2010) and increased myelin damage inferred by loss of fractional anisotropy from diffusion tensor imaging (DTI; Makris et al. 2007) . As myelin defects accumulate with age, it is likely that microglia would be activated and participate in the clearance of damaged white matter and axons. Interestingly, neither LN3 nor Gal-3 antibodies show robust staining in the gray matter in young or old monkeys (data not shown).
Phagocytosis and demyelination
Despite the large body of evidence that myelin is damaged and lost and microglia are activated with age, evidence of myelin removal has been limited. Peters and Sethares (2002) , using electron microscopy, described small myelin fragments in astrocytes and less frequently in microglia. This is in contrast to in vitro studies that report macrophages, such as microglia, phagocytose myelin at a greater rate than astrocytes (Williams et al. 1994 ). Other studies report that myelin phagocytosis is impaired with age (Ruckh et al. 2012; Natrajan et al. 2015) and can be inhibited by proinflammatory cytokines (Brück et al. 1992; Liu et al. 2006 ). Thus, it is possible that the chronically proinflammatory microglia of the aging brain could slow the removal and phagocytosis of myelin debris (Rawji et al. 2016) .
In a demyelinating model of experimental autoimmune encephalomyelitis (EAE), Gal-3 expression has been shown to increase (Reichert and Rotshenker 1999) , but, despite this increase, myelin clearance in this model is insufficient to allow recovery of myelination to normal levels (Neumann et al. 2009 ). Similarly, studies have shown that if myelin debris is not removed, remyelination is impaired (Lampron et al. 2015) . In this regard, it is also known that oligodendrocyte precursor cells are recruited to areas of demyelination, but differentiation into mature myelinating oligodendrocytes is impaired by myelin debris (Kotter et al. 2005; Kotter et al. 2006 ). These observations suggest that a limiting factor in repair and restoration of myelin may be the phagocytic capacity of the microglia to remove myelin debris.
Phagocytic functionality
The data from the current study, that Gal-3-positive cell density increases with age, suggest that stimulation of phagocytosis increases with age in parallel with myelin damage. The correlation of increased phagocytic phenotype (amoeboid cells) with increased cognitive decline reported here and the age-related increase in myelin damage reported in this same model (see Peters and Kemper 2012 for review) likely means that phagocytosis is not sufficient to effectively remove damaged myelin (Ruckh et al. 2012; Natrajan et al. 2015) . Hence, the observed increase in Gal-3-positive microglia with age could indicate that microglia have been Bprimed^for phagocytosis by detection of deteriorating myelin, but are either dysfunctional or the amount/rate of myelin damage is too much for microglia to efficiently phagocytose the debris. As more myelin debris accumulates and is not repaired, a vicious cycle could result in which more microglia are recruited and release pro-inflammatory cytokines, but fail to remove sufficient myelin debris to allow for remyelination and resolution of inflammation (Ruckh et al. 2012; Natrajan et al. 2015) .
In our immunofluorescence study of Gal-3 colocalization with LN3, approximately 15% of the cells had a distinct balloon-like formation extending from an otherwise normal looking LN3+ microglial soma. This feature resembles the phagocytic cups previously described in vitro (Kay et al. 2006; Leverrier and Ridley 2001; Murray et al. 2005) . These actindependent cups form during the initial stages of phagocytosis as a macrophage begins to engulf debris. It would be expected that the percentage of microglia displaying these phagocytic cups would increase with accumulating damage. To the extent that presence of Gal-3+ phagocytic balloons are markers of phagocytic function, the present data showed no difference in the percentage of cells double-labeled cells with phagocytic cups between young and old animals. Since all evidence suggests that white matter in the aged brain likely contains significant myelin damage, the lack of an increase in the percentage of microglia with phagocytic cup suggests an impairment in phagocytic responsivity.
Phagocytic capacity and age-related neurodegenerative diseases
With age, microglia have been described as dystrophic and senescent (Streit et al. 2004 ), but the functionality and phagocytic capacity of these senescent microglia is unknown. In a recent study in mice, Safaiyan et al. (2016) identified an age-related increase in Gal-3 microglia and an increase in microglia contacting myelin visualized by double-label IHC, suggesting that microglia not only have increased phagocytic activation but also that this increased activation may be related to myelin. Similar inefficient debris clearance has been seen in age-related neurodegenerative diseases such as Alzheimer's, where β-amyloid aggregation is also thought to be related to an impaired phagocytic capacity of microglia (Chung et al. 1999; Lucin et al. 2013; Hickman and El Khoury 2014) . These data suggest that age-related impairment of microglial phagocytosis is not limited to myelin. However, the question still remains as to the cause of the impaired microglial function. For example, perhaps age-related accumulations of a variety of protein aggregates like amyloid as well as myelin debris overburden microglia. Alternatively, perhaps microglia functionality simply declines with age, allowing damage to go unresolved? These questions must be considered not only in aging, but also in neurodegenerative diseases where debris clearance could play a key role in disease progression. Further, as the leading risk factor for neurodegenerative diseases is age (Mayeux and Stern 2012) , it is possible that the burden of myelin debris may play a role in the ability of microglia to deal with other damage in the brain, such as amyloid plaques, phosphorylated tau oligomers, or α-synuclein aggregates.
Autophagy and aging
While phagocytosis is important for the clearance of cellular debris, autophagy is the process required for normal maintenance of cellular function through breakdown of intracellular debris (Glick et al. 2010) . Data indicate that inhibiting autophagy in mice decreases lifespan and increases protein aggregation (Hara et al. 2006; Komatsu et al. 2006) . In contrast, increasing autophagy in worms (Hansen et al. 2008 ) and flies (Simonsen et al. 2008 ) extends lifespan. Interestingly, calorie restriction without malnutrition increases autophagy in rats (Kume et al. 2010 ) and extends life span (Weindruch and Walford 1982) and monkeys (Mattison et al. 2017) . While the exact mechanism by which calorie restriction enhances autophagy is unclear, it is thought to involve AMPK or Sirtuin 1 stimulation or insulin-like growth factor inhibition (Johnson et al. 2013) . Although both autophagy and phagocytosis show age-related functional changes, little is known about possible linkage between these clearance mechanisms. Additionally, it is unknown why these mechanisms for degradation become faulty with age and whether these changes occur in monkeys.
Cognitive decline and phagocytosis
While the density of LN3+ and Gal-3+ microglia increase significantly with age, it is curious that Gal-3+ cell density in the FWM was the only strong correlate with cognitive impairment. While some have reported that cognitive impairment is predicted best by total frontal white matter (Tullberg et al. 2004 , Wakefield et al. 2010 , others have claimed that regional specificity is important (Bowley et al. 2010 , Head 2004 , Mielke et al. 2009 ). Bowley et al. (2010) showed that myelin defects are specifically correlated with cognitive decline in the cingulum, but not the corpus callosum. However, DTI data from Mielke et al. (2009) and Head (2004) suggest that frontal white matter damage, but not temporal or occipital, correlate with cognitive performance. The specificity of the current finding of a relationship of Gal-3 with cognitive impairment only in FWM could suggest that myelin damage was more severe in this area, leading to more microglia being primed for phagocytosis but ultimately ineffective in allowing remyelination. This is consistent with our additional observation that within the FWM, the density of both hypertrophic (activated) and amoeboid (phagocytic) Gal-3+ cells correlated with cognitive decline while the density of ramified (resting) microglia did not. It further suggests that these microglia are not functioning properly and allow myelin damage to accumulate, leading to an increase in the number of microglia recruited and activated and a continuation of the inflammatory response. The specificity of this finding to the FWM might indicate especially faulty clearance mechanisms in this region, i.e., a particular vulnerability. However, it is possible that Gal-3+ microglia are simply acting as a surrogate marker for the overall white matter damage and general aging dysfunction. Understanding the regional differences in myelin damage and age-related pathologies is essential to determining the relation of inflammation to and the causes of age-related cognitive decline.
Conclusions
During aging, myelin deteriorates and appears to be a strong predictor of the age-related cognitive decline seen in normal aging (Bartzokis 2004; Peters 2009 ). As the myelin debris accumulates, it likely leads to the increased recruitment of the activated and phagocytic microglia observed in the present study. In a healthy adult, this would trigger an acute inflammatory response supporting microglial phagocytosis and clearance of the debris, resolving with oligodendrocyte precursor cell differentiation and remyelination. However, with aging, the capacity of microglia to clear the myelin debris likely declines as shown by Plowden et al. (2004) and Safaiyan et al. (2016) , leaving microglia unable to effectively respond to the damage and remyelination impeded by inhibition of oligodendrocyte differentiation. Similar phagocytic inefficiencies may also contribute to the vulnerability of the brain to agerelated neurodegenerative diseases. Thus, therapeutics targeting the phagocytic functionality of aging microglia could prove useful not only in facilitating remyelination, and slowing or even reversing age-related cognitive decline, but might also be valuable in treating agerelated neurodegenerative diseases.
